Context: Closed-loop control (CLC) for the management of type 1 diabetes (T1D) is a novel method for optimizing glucose control, and strategies for individualized implementation are being developed.
S
ince the Diabetes Control and Complications Trial, the standard of care for type 1 diabetes (T1D) has been intensive insulin treatment (1) . The current goals for glycemic control are hemoglobin A1c (HbA1c) of ,7% in nonpregnant adults (2) and 7.5% in children (3) . However, despite many advances in education, insulin delivery, and glucose monitoring technology, these goals are still not met (4) . Closed-loop control (CLC) systems have shown promise for improving glucose control. These systems include a continuous glucose monitor (CGM) to provide data that modulate insulin delivery and have been demonstrated to be effective in glycemic control with reduced risk of hypoglycemia (4) (5) (6) (7) (8) . These systems can be used in a variety of modes, including overnight only and 24/7 control.
In the present multicenter, multinational trial, the study subjects used the Diabetes Assistant (DiAs) portable artificial pancreas (AP) platform developed by University of Virginia and first used in outpatient trials in 2011 (9) with the Unified Safety System (USS) closed-loop algorithm overnight. They resumed their usual sensoraugmented pump (SAP) therapy during the day. The rationale for the present study was based on our prediction that CLC devices would be adopted by patients with T1D in a selective manner. CLC systems require a patient to trust an automated system, which can take time to achieve. Even of those who embrace it, some might find the systems most useful at night rather than during the day. Patients can choose to start using these systems for overnight control only to alleviate the well-documented fear of hypoglycemia occurring during sleep.
The goal of the present study was to test the safety and effectiveness of "bedside" overnight-only CLC in a transitional outpatient setting and to assess its effect on improved overall glycemic control during a 24-hour period. A subset of patients in the study continued the use of overnight-only CLC at home to assess the durability of the system and its effect on overall control. This protocol represents a culmination of previous clinical trials for the development of the USS Virginia system and benefits from the synthesis of those components.
Materials and Methods

Subjects
The subjects were recruited at four clinical centers: University of Virginia (UVA), Mayo Clinic, Icahn School of Medicine at Mount Sinai, and University of Padua, Italy. The Clinical Trials Registration numbers were NCT 02131766 and NCT 02008188 (ClinicalTrials.gov). Eligible subjects (age, 21 to ,65 years) were enrolled who had had T1D for $1 year, had been using an insulin pump for $1 year, and had HbA1c ,10%. The exclusion criteria included diabetic ketoacidosis or a severe hypoglycemic event in the previous year, adrenal disorder, active gastroparesis, uncontrolled hypertension, oral steroids, uncontrolled active proliferative retinopathy, unstable coronary artery disease, acetaminophen use, the use of any other medications for glucose control other than insulin, and the use of b-blockers. The subjects were studied from January 2014 to March 2015. All subjects provided written informed consent, and the local ethics/institutional review boards approved the protocol. The studies in the United States were conducted under Food and Drug Administration Investigational Device Exemption number 140068 and at the University of Padua in compliance with the local regulations and ethical committee approval in Italy.
Study design
The study was a multicenter randomized crossover clinical trial. Subject eligibility was determined during a screening visit. The enrolled subjects were randomized to experimental (CLC) or control (SAP) sessions. Each session consisted of at least five consecutive 24-hour periods that concluded at 18:00 on the last day. The CLC session was conducted in a transitional setting (hotel or research house). The SAP session was completed at the subject's home or usual environment. A subset of 10 subjects then continued to use CLC at home for the same duration (5 at UVA and 5 at the University of Padua). These home study subjects were a convenience sample of subjects who were able to have a care partner present overnight at home, had not experienced any severe adverse events during the main trial, and were able to meet the target trial dates.
During all sessions, the subjects were asked to (1) check the capillary blood glucose level before meals and snacks, 2 hours after meals, and at 23:00, 03:00, and 07:00; (2) use the bolus calculator function of the study pump to record the carbohydrates consumed and deliver meal boluses; (3) make insulin dosing decisions per their usual care during the time that they were not in CLC (07:00 to 23:00); (4) continue their usual diet during both study sessions; and (5) exercise per their usual routine as long as the exercise did not exceed 1 hour of moderate intensity. During all study sessions, the subjects were asked to consume glucose tablets or liquid at any point the capillary blood glucose was ,70 mg/dL, regardless of symptoms. During all study sessions, the insulin pump and the DiAs were preprogrammed with the subject's usual insulin parameters (i.e., basal rates, carbohydrate ratios, correction factors).
Study equipment and technology
During the SAP portion, the subjects wore a study-provided insulin pump (Roche Accu-Chek Spirit Combo; Roche Diagnostics, Indianapolis, IN) and a CGM (DexCom G4 Platinum or AP Share; DexCom, San Diego, CA). During the CLC portion of the study, the DiAs, a modular portable AP platform developed at the UVA, was loaded onto an android smart phone (Xperia Arc S/LT18i; Sony Ericsson, Tokyo, Japan; or Nexus 5; Google, Mountain View, CA) and activated to control glycemia. The insulin pump and CGM wirelessly transmitted data to the DiAs phone using Bluetooth. In particular, communication between the DiAs and CGM was initially achieved using an additional Bluetooth relay device, followed by use of the DexCom AP Share. In addition, the DiAs allows for data transfer through either a wireless telephone network or WiFi to a secure central server for remote monitoring and automated alerts about the patient and state of the system. During the home study, the study staff received these automated alerts via text and E-mail messages.
The study used the USS Virginia CLC algorithm to adjust insulin administration during CLC in the transitional setting and during the substudy of CLC at home. The USS Virginia is based on a mathematical model of the human glucose-insulin dynamics and uses Kalman filtering to predict hypo-and hyperglycemia risks and adjust insulin administration according to these risks (10) . These risks are displayed visually to the subject using "traffic light" signals, with green indicating no detected risk, yellow indicating basal rate modulation was occurring to decrease risk, and red indicating an acute risk that might require external intervention (11) . This algorithm sets a target of 160 mg/dL after dinner and adjusts that target overnight down to 120 mg/dL by the morning (07:00).
The subjects received training on all study-related equipment and had a run-in period on the study pump at home for #7 days before beginning their first session (SAP or CLC). Those who were not previous CGM users (.5 days/wk during a 2-month period) wore a CGM for #3 weeks before starting their first study session (SAP or CLC). The CGM was calibrated in accordance with the manufacturer's guidelines.
Experimental session
The subjects stayed overnight in a transitional setting such as a hotel or research house, with the study staff in an adjacent room. The study staff could access the remote monitoring system during this time and were nearby in the event a subject required assistance. The subjects wore two CGMs during CLC at the hotel/research house: one primary CGM driving the control algorithm and a secondary one exclusively for added safety per study protocol to be used in the case of primary CGM malfunction. Each day, the DiAs was started in openloop mode between 20:00 and 22:00, with basal rates delivered without modulation by the controller. At 23:00, the DiAs was switched to CLC mode if the capillary blood glucose was $80 but ,250 mg/dL. CLC could be delayed for #2 hours if these conditions were not met. The subjects were able to snack and use a bolus as usual before the start of CLC but were asked not to consume snacks from 23:00 to 07:00. The CLC was stopped at 07:00 the next day, and the subject continued with the study pump and CGM from 07:00 until restarting the open-loop mode on the DiAs at 20:00. The subjects were allowed to leave the study site during the day, when the DiAs was disconnected from the subject.
Home study
During the CLC sessions with the DiAs, the subjects were asked to check their capillary blood glucose if a red light alarm occurred for either hypo-or hyperglycemia. The subjects who went home with CLC followed the same protocol as described for the experimental session. The study staff contacted the study subjects daily and were available by telephone, if needed. The subjects also had a care partner who had received basic training on the study equipment and emergency procedures. The care partner was required to be present at all times when the DiAs was active at home. Remote monitoring was in place with alerts to study staff to help troubleshoot events such as clinically relevant hypoglycemia (glucose ,50 mg/dL for $30 minutes) and hyperglycemia (glucose .300 mg/dL for .2 hours). The study staff were instructed to view the remote monitoring system after receiving an alert to observe whether evidence was present of the subject taking action (e.g., fingerstick glucose test being performed, carbohydrates being ingested) but not to contact the subject unless evidence was seen of prolonged inaction by the subject and a concern for subject safety.
Psychosocial analysis
To assess the human factors further, we used the second revision of the hypoglycemia fear survey (HFS-II) and the high blood sugar survey (UVA) (12) (13) (14) (15) . The surveys were administered during the overnight 5-day CLC study in the transitional hotel and again for the subset participating in the 5-day home study. The surveys measure behavior and worry related to hypoand hyperglycemia in patients with T1D. Both surveys include two subscales to reflect that those with T1D (1) engage in behavior to avoid hypoglycemia and hyperglycemia (hypoglycemia fear survey, second revision, behavior subscale (HFS-II-B) and avoidance]; and (2) constantly worry [hypoglycemia fear survey, second revision, worry subscale (HFS-II-W)] about their consequences. The surveys were scored in accordance with a preset standard protocol.
Statistical analysis
The primary outcome was the percentage of time within the target range of 70 to 180 mg/dL from the CGM over 24 hours for the 5-day duration of each arm. The hypothesis was that CLC during the overnight-only hours (23:00 to 07:00) would improve time within the target range overall compared with SAP. The secondary endpoints were the mean glucose level on awakening (approximately 07:00), time spent in different ranges overnight (,70, 70 to 180, and .180 mg/dL), and glucose variability measures, such as low-and high-blood glucose indexes (16) .
An intention-to-treat analysis was performed that included all data, regardless of whether the subject was in CLC during the entire overnight period. No night data were rejected for this analysis. All metrics were computed from the CGM data using the primary CGM during CLC. If the primary sensor was unavailable, the secondary CGM data were used. The data were compared using paired Student's t test. The Wilcoxon sign rank test was used when the Gaussian distribution of the outcome could not be assumed (percentage of CGM time ,50, ,60, and ,70 mg/dL and .250 and .300 mg/dL). For all tests, the significance level was set at P = 0.05. The analyses were performed using SPSS (IBM Corp., Armonk, NY), version 22.
Results
Study subject characteristics
A total of 44 subjects were enrolled, with 40 completing the trial (9 at UVA, 9 at Mayo Clinic, 10 at Mt. Sinai, and 12 at the University of Padua). The reasons for withdrawal were as follows: 3 withdrew because of time constraints and 1 because of an inability to comply with the study protocol. The baseline characteristics of the study participants are listed in Table 1 . One subject was unable to complete the first night of home use as intended because of pump site occlusion and, therefore, started the 5 nights at home the next night.
Primary endpoint
The primary endpoint of time in the target range of 70 to 180 mg/dL improved in CLC compared with SAP (mean, 78.3% vs 71.4%; P = 0.003) when measured for 24 hours during the study period ( Table 2 ). The time in the target range was also improved in the overnight hours (23:00 to 07:00) in CLC compared with SAP (85.7% vs 67.6%; P , 0.001). The median and interquartile ranges for the study overall and the overnight-only hours are presented in Fig. 1 .
Secondary endpoints
The mean CGM glucose level was not different between the CLC and SAP study periods ( Table 2) . The mean glucose level overnight was significantly lower during CLC than during SAP (137.2 vs 154.9 mg/dL; P , 0.001). In addition, the mean glucose level on awakening was close to the algorithm target of 120 mg/dL and was improved compared with that in the SAP group (123.7 vs 145.3 mg/dL; P , 0.001). The distribution of the mean glucose level on awakening in the CLC sessions is presented in the Supplemental Appendix.
When comparing the time in the hypoglycemia range as defined by CGM levels ,70 mg/dL, CLC showed substantial improvement during the entire study period and overnight (Table 2 ; Figs. 2 and 3 ). In addition, improvement was seen in the hyperglycemic range, defined by CGM levels .180 mg/dL, in the CLC period compared with SAP both overall and overnight (Table 2 ). When considering a tighter target glucose range of 80 to 140 mg/dL, the CLC period also showed improvement overall and overnight (Table 2 ) compared with SAP. The results of the subanalysis of the subjects who completed the trial at home (n = 10) are presented in Table 3 . CLC at home demonstrated a decrease in the time spent in hypoglycemia overall compared with SAP (CLC home vs SAP, 2.2% vs 4.9%; P , 0.05). An improvement was also found when comparing the time spent in hypoglycemia in the overnight period, with almost no hypoglycemia occurring overnight at home (CLC home vs SAP, 0.6% vs 3.7%; P = 0.03). The percentage of time spent at 70 to 180 mg/dL was not substantially different when comparing CLC at home and SAP overall (CLC home vs SAP, 75.3% vs 71.1%; P = NS). However, a trend was seen for a longer period for CLC at home when considering the overnight period (CLC home vs SAP, 75.2% vs 62.2%; P = 0.07). The period spent at .180 mg/dL overall and overnight was also not substantially different between CLC at home and SAP.
The time spent in CLC during the overnight hours (23:00 to 07:00) was 98.1% for the main CLC group (n = 40) and 93.2% for the substudy of CLC at home (n = 10).
Safety and adverse events
No serious adverse events occurred. No subjects experienced severe hypoglycemia requiring outside intervention from a third party or administration of glucagon. No cases of diabetic ketoacidosis developed. The subjects were treated for a capillary blood glucose level of ,70 mg/dL, regardless of symptoms. One subject reported otitis media that was believed to be unrelated to the study. For no patient was the system stopped by the study team because of safety concerns.
System acceptance
A total of 32 subjects finished the surveys during the randomized controlled trial. For the subjects who completed surveys both before and after CLC, the HFS-II showed statistically significant changes (1.0 6 1.2 vs 1.1 6 1.2; P = 0.0072). However, no such difference was found for the hyperglycemia surveys (1.8 6 1.3 vs 1.9 6 1.3; P = 0.268). When the subscales were compared, the scores for the HFS-II-B and hyperglycemia avoidance surveys were not significantly different after the outpatient period [1.0 6 1.2 vs 1.0 6 1.2 (P = 0.1212) and 1.98 6 1.3 vs 2.1 6 1.3 (P = 0.1459)]. Also, although the HFS-II-W subscale showed statistically significant changes after the outpatient period (1.1 6 1.2 vs 1.24 6 1.2; P = 0.0247), no statistically significant difference was observed in the hyperglycemia worry subscale (1.7 6 1.3 vs 1.7 6 1.2; P = 0.9486). In the subjects who completed the overnight CLC at home substudy, the HFS-II and HFS-II-B scores were not different [0.9 6 0.9 vs 0.9 6 0.9 (P = 0.140) and 0.9 6 1.2 vs 0.9 6 1.1 (P = 0.5067), respectively]. However, the HFS-II-W scores showed statistically significant changes (0.9 6 0.8 vs 0.8 6 0.8; P = 0.0063). Similarly, no statistically significant changes were observed for the hyperglycemia survey (1.8 6 1.3 vs 1.7 6 1.2; P = 0.153), including the avoidance subscale (2.2 61.3 vs 2.1 6 1.3; P = 0.2184) and worry subscale (1.5 6 1.2 vs 1.4 6 1.1; P = 0.4598) after home CLC. Although the overall fear of hypoglycemia worsened despite the decrease in hypoglycemia during overnight CLC in the transitional environment for 5 days, the worry related to hypoglycemia improved after an additional 5 days of CLC at home. However, patients' perception of their fear of hyperglycemia did not change.
Discussion
The results of the present study have demonstrated that overnight CLC in a supervised outpatient setting improves glucose control with less hypoglycemia overnight and extended those benefits to glucose control during the day. One strength of the present study was the inclusion of four different clinical sites in the United States and Italy, which allowed for greater heterogeneity in patient selection and demonstrated that the DiAs closed-loop system running the USS Virginia CLC algorithm can work well in multiple settings. A subset of patients studied at home showed a further improvement in hypoglycemia, with a trend seen toward improving the time spent in the target range overall. During overnight CLC, the results showed improvement in the time in target range, with less hypoglycemia and less hyperglycemia experienced.
Other groups have also examined the efficacy of overnight CLC, with similar results in pediatric and adult patients in other countries. Nimri et al. (7) reported the results with the use of the MD-Logic AP system with 6 weeks of consecutive nights on closed-loop or SAP at home in 24 pediatric patients in Israel, Germany, and Slovenia. The time spent in the hypoglycemic range of ,70 mg/dL was less (2.53% vs 5.16%; P = 0.020), with more time spent in the target range of 70 to 140 mg/dL They reported a mean difference of 13.5% for the time spent overnight with the blood glucose in the target range (P = 0.0002) (8) . The daytime glycemic control was not reported in their study (8) . Hovorka et al. (6) reported that overnight CLC in adolescents during a 3-week period compared with SAP also increased the time spent in the target range overnight (64% vs 47%; P , 0.001). Also, the 24-hour glucose level was reduced by a mean of 9 mg/dL (P = 0.006) during CLC (6) . Moreover, Kropff et al. (17) reported a European multicenter crossover trial, in which CLC implementing the modular model predictive controller was compared against SAP for 32 T1D adults at dinner and overnight for 2 months. They showed a simultaneous reduction in the time spent in hypoglycemia (1.7% vs 3.0%; P , 0.0001) and hyperglycemia (31.6% vs 38.5%; P , 0.0001) and clinically relevant improvement in the time in the target range (66.7% vs 58.1%; P , 0.0001), leading to a better, albeit modest, reduction in the HbA1c compared with that achieved after 2 months of SAP (20.3% vs 20.2%; P = 0.047) (17) . When comparing SAP with low glucose suspend function, Sharifi et al. (18) reported on the use of an overnight hybrid closed-loop system in adults and adolescents for 4 nights compared with SAP with low-glucose suspend function. They did not find statistically significant differences in the time spent in the target range overnight (target 72 to 144 mg/dL from 12:00 to 08:00) (18) . Overnight CLC could also result in better sleep owing to the reduced nocturnal hypoglycemia, less subject stress, and increased time in the glucose target range. This might reduce counterregulatory hormone release and thus result in less physiologic stress during a 24-hour period and an increase in daytime blood glucose levels in the target range. Although studies evaluating counterregulatory hormone levels during a 24-hour period involving uninterrupted vs interrupted sleep have been performed, these hormones have not been evaluated to the best of our knowledge in the field of CLC (19, 20) .
Our survey results regarding the perceptions of hyperglycemia and hypoglycemia are difficult to interpret. It is possible that the fear of hypoglycemia might have increased owing to concerns regarding the loss of the use of CLC overnight. Barnard et al. (21) reported mixed results in adolescents and their parents regarding hypoglycemia fear with overnight closed loop systems. The short duration of our study and small number of participants also made the data more challenging to interpret. The explanation for these findings and psychological factors should be explored further.
Thus, our findings add to the growing body of evidence of the general efficacy and safety of overnight CLC. The unique features of the present report include (1) the use of a portable closed-loop system running on a smart phone; (2) that it was a multicenter international study enrolling a diverse patient population in both transitional and home environment settings; and (3) the performance of CLC in outpatient settings and home under an Food and Drug Administration Investigational Device Exemption, facilitating larger and longer CLC trials in the U.S. population.
The system performed as expected by bringing patients to a narrow morning blood glucose range consistently. It was designed to bring the blood glucose level to 120 mg/dL on awakening and achieved a mean glucose level of 124 mg/dL. This mean glucose level was 21 mg/dL lower than that during the SAP session. In addition, despite this tighter control, the hypoglycemic risk was lower.
The study limitations included the short duration of the present trial. An additional limitation was the small sample size of the at-home study. These subjects had an average HbA1c of 7.4%, which is reasonable control but does not indicate tight control. These results might not be generalizable to a large population of patients with T1D with uncontrolled HbA1c. Additional considerations included that these subjects were in a transitional setting that required a stay in a hotel or research house with study staff nearby during the CLC session in contrast to being in their home environment during the SAP sessions. Although the study staff attempted to minimize any interventions, this limitation and the availability of remote monitoring could have favored the CLC sessions by allowing for more intervention by the study staff during them. To increase the comparability of the study settings regarding meals, the subjects were allowed to purchase food at a grocery store to prepare their own meals, although the subjects also were allowed to eat at restaurants during the CLC session. Care was taken to allow dinner to be comparable to that in their home setting. During the day, the subjects engaged in activities of their choice: working, shopping, errands, exercise, leisure activities, and/or returning home if living locally.
In conclusion, the results of the present study indicates that viability exists in consideration of a strategy involving overnight-only CLC, which might be a treatment paradigm chosen by a substantial proportion of patients when these systems are available commercially.
